Abstract-Control of electric fields with edge terminations is critical to maximize the performance of high-power electronic devices. While a variety of edge termination designs have been proposed, the optimization of such designs is challenging due to many parameters that impact their effectiveness. While modeling has recently allowed new insight into the detailed workings of edge terminations, the experimental verification of the design effectiveness is usually done through indirect means, such as the impact on breakdown voltages. In this letter, we use scanning photocurrent microscopy to spatially map the electric fields in vertical GaN p-n junction diodes in operando. We reveal the complex behavior of seemingly simple edge termination designs, and show how the device breakdown voltage correlates with the electric field behavior. Modeling suggests that an incomplete compensation of the p-type layer in the edge termination creates a bilayer structure that leads to these effects, with variations that significantly impact the breakdown voltage.
In-Operando Spatial Imaging of Edge Termination Electric Fields in GaN Vertical p-n Junction Diodes
I. INTRODUCTION S OLID-STATE devices for high-power electronics based on GaN are gaining increasing attention due to their potential benefits for a number of applications and the recent progress in improving material quality [1] . Central to the reliable performance of these devices is the ability to control large electric fields. For example, in vertical p-n junction diodes, the high electric fields at the anode contact edges can lead to reverse-bias avalanche breakdown at voltages well below the theoretical limit [2] . To prevent this non-optimal behaviour, a number of edge termination (ET) designs have been proposed [3] and implemented [4] , [5] . Usually, the role and effectiveness of the ET are indirectly inferred through the impact on performance. However, because optimizing ET designs is challenging and the fabrication steps can be difficult to control, it is valuable to directly measure the properties of the ET such as mapping the electric fields when under large bias. Furthermore, because ETs for high-power electronics are designed to be most effective at large voltages, imaging the electric fields under such conditions is important. Previous work to address this need has explored the use of ElectronBeam Induced Current (EBIC) [6] - [8] , Ion-Beam Induced Current (IBIC) [7] , [9] , [10] , and Optical-Beam Induced Current (OBIC) [11] - [13] , applied to Si [9] - [11] and SiC [6] , [13] . Optical-based techniques can be advantageous because they do not require vacuum chambers, but so far have not been applied to high-power GaN devices.
In this manuscript, we present results of in operando imaging of electric fields at ETs in GaN vertical p-n junction devices using Scanning Photocurrent Microscopy (SPCM, also known as OBIC). We apply the technique to an ET design fabricated though selective N implantation. We show the lateral migration of electric fields between the two ends of the termination as the operating voltage increases, and the correlation between this behaviour and the breakdown voltage (V B D ). Modelling of the operating devices indicates that an incomplete compensation of the p-type layer by the N implantation is responsible for this effect. Figure 1a illustrates the SPCM approach for characterizing the electric fields at ETs. A focused optical beam is scanned over a device while the resulting photocurrent is recorded. The measurements were performed in ambient in a probe station. Two microprobes were used to make contact to the top electrode and to the bottom electrode through a conducting plate. The light from a UV (325 nm) laser was fed into a microscope 0741-3106 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. EXPERIMENTAL DETAILS
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with a long working distance objective (15x, NA = 0.28) and focused to produce a diffraction-limited spot (diameter at half-max ∼1 micron). The current is recorded as the device is scanned in both horizontal directions using motors, with a step size of 50 nm. A Keithley 6517B electrometer was used as the voltage source and for the current measurement; the electrometer output was fed into an automated data acquisition system that simultaneously controls the stage movement and acquires the photocurrent. In order to align the resulting photocurrent maps with the device geometry, we also acquired the reflection image during mapping. Further details of the SPCM technique can be found in previous publications [14] . The p-n junction diode (Fig. 1b) was fabricated as described previously [15] . In brief, the GaN active layer was grown by low-pressure metal organic chemical vapor deposition on bulk GaN substrates. The low-doped n-type region was obtained using silane as the source of the Si dopant. The 0.4 μm p-type top layer is doped with 10 19 cm −3 Mg, giving a free-carrier hole concentration of 10 17 cm −3 . The top metal contact (Pd/Au/Ti/Au) is 1 μm in thickness, and SiN x is used as a surface passivation layer. A nominally uniform ET extending 50 μm from the contact edge was created using N implantation to create an intrinsic layer [15] . This ET layer ends with an isolation trench 10 μm wide and 150 nm deep. Device simulations suggest that this design can reach breakdown voltages as high as 4.5 kV. Tens of devices were fabricated using the same design and process and their I-V and avalanche V B D measured [15] ; significant variation in V B D was observed, and a key challenge is to identify the origin of this variation. For this study, we chose three devices with V B D of 582 V, 747 V, and 2331 V, which represent the spectrum of measured devices. Figure 2a shows SPCM line scans for the V B D = 585 V device at different reverse bias voltages acquired by scanning from outside the ET and ending on the top metal contact. Two prominent peaks can be seen corresponding to regions near the isolation trench and near the top metal contact (anode). From analysis of reflection images, the peak near the contact is found to be a few microns away from the contact edge, where the ET layer begins.
III. EXPERIMENTAL RESULTS
The voltage dependence of the two peaks shows surprisingly rich behaviour. Indeed, at the lower voltages we find the strongest peak at the isolation trench, but as the voltage increases the peak near the contact becomes more prominent. Remarkably, there is an exchange in photocurrent intensity between the two peaks, including non-monotonic variations (not shown). The voltage at which the near-contact peak starts to dominate is ∼275 V for this device.
We applied the SPCM technique to the device with V B D of 747 V. As shown in Fig. 2b , we also find peaks at the isolation trench and at the near-contact edge, with a similar non-linear and non-monotonic exchange of intensity between the two peaks. However, in this case the cross-over voltage is found to be increased to 400 V. The correlation between the cross-over voltage and V B D suggests that the inner workings of the ET critically influence V B D in these devices. To confirm this hypothesis, we characterized a device with V B D of 2331 V. In this case, only a single photocurrent peak at the isolation trench is observed (Fig. 2c) , at least for voltages up to 700 V. While we were not able to probe this device at larger voltages due to limitations of our measurement system, the lack of a peak near the contact edge is consistent with the larger V B D for this device and the results for the V B D = 585 V and V B D = 747 V devices. In other words, the higher the voltage at which the near-contact peak dominates, the higher the breakdown voltage. (The three devices behave similarly up to a one third fraction of the breakdown voltage; however, here we are interested in the behaviour in terms of absolute voltages.)
IV. MODELING
We surmised that the evolution of the photocurrent peaks with bias voltage arises due to the distribution of electric fields between the two ends of the ET, and that a large increase in the electric field at the edge of the ET near the contact is responsible for lower V B D . To test this hypothesis, we performed simulations with the Silvaco ATLAS TCAD software [15] . As shown in the inset of Fig. 3a , the tail in the depth of N implantation can lead to a thin p-layer at Simulated total electric field for a device with incompletely compensated p-type region illustrated in panel (a). Breakdown voltage is 1600V. The maximum electric field migrates from the ET edge near the isolation trench to the ET edge near the contact as the reverse bias voltage increases from 100 V to 1600 V. the bottom of the ET. We simulated the device structure of Fig. 1b , including an ET p-layer of 30 nm thickness with free carrier concentrations of 9 × 10 16 cm −3 , 1.3 × 10 17 cm −3 , and 1.8 × 10 17 cm −3 . V B D was obtained as described previously assuming the breakdown voltage is due to avalanche multiplication [15] . Figure 3 shows the spatial distribution of the total electric field for the device with residual free carrier concentration of 1.3 × 10 17 cm −3 . The V B D for this device is calculated to be 1600 V. At the lowest bias (100 V) the electric field is concentrated at the ET edge near the isolation trench; as the voltage increases a concentrated electric field appears at the p ++ edge of the ET (i.e. near the contact), which eventually becomes the region of dominant electric field (1600 V).
From these simulations we extracted the total electric field at the bottom of the ET as a function of lateral position for the three simulated devices. For the lowest residual carrier concentration (Fig. 4) we find the electric field concentrated at the isolation trench for small voltages, with a transition to near the contact as the voltage increases. For this device, the cross-over voltage between the two peaks is about 200 V, and the V B D is only 1110 V. Increasing the free carrier concentration to 1.3 × 10 17 cm −3 still gives a peak at the isolation trench at low voltages, but the cross-over voltage is now increased to 700V. This much larger value compared to that at the lowest doping is accompanied by an increase of V B D to 1600 V. Finally, an increase of the free carrier concentration to 1.8 × 10 18 cm −3 localizes the electric fields at the isolation trench up to 700 V, and gives a much larger V B D of 2730 V. These results are in good qualitative agreement with the photocurrent measurements and show that judicious control of p-type doping and compensation through ion implantation for 'bilayer' ETs improves V B D . They also highlight the intricacies in realizing effective ET designs with a large process window. We anticipate that other effects not included in the simulations (such as surface states and electro-thermal effects [16] ) will also impact the properties of the ET.
V. CONCLUSION
In summary, we demonstrate the use of SPCM to understand the inner workings of ETs in high-power electronic devices. Our results reveal a surprisingly complex behavior even for a simple design, and indicate that the SPCM technique can be used to diagnose the reverse breakdown characteristics and predict device performance. We reveal the critical role played by an incomplete compensation in the ET, with variations in its properties that can significantly impact V B D . We expect that further refinement of the approach combined with more quantitative analysis will provide an approach to fully realize the benefits of ET designs.
